Mass-angle correlations of binary fragments produced in 16 
I. INTRODUCTION
The quasifission process [1] [2] [3] , in which the system reseparates before reaching a compact compound nucleus, is a major hurdle in forming heavy and superheavy evaporation residues (ER) in heavy-ion reactions [4, 5] . According to earlier dynamical models [1] [2] [3] , quasifission is predicted to occur in reactions where the product of the charges Z 1 Z 2 1600. In terms of reaction time scales the quasifission process lies intermediate between the rapid deep-inelastic collisions (DIC) and the slow compound nucleus reactions. Whereas DIC are characterized by large energy dissipation with the preservation of the entrance channel mass asymmetry, quasifission involves full energy dissipation and substantial mass diffusion toward the most favorable symmetric mass split. The compound nucleus reaction, in contrast, is associated with full equilibration of all degrees of freedom. Since quasifission occurs prior to reaching a compact shape, the angular anisotropy of fission-like fragments is larger than the expectations of the transition state model (TSM) of compound nucleus fission [6] [7] [8] [9] . Furthermore, owing to the nonequilibrium nature of the process, the mass distribution of fragments produced in quasifission can exhibit large widths and a significant correlation of fragment mass with emission angle [10] [11] [12] [13] . These characteristics are known to depend strongly on the entrance channel [10] [11] [12] [13] . It is expected that quasifission inhibits the formation of ER since the composite system during its dynamical evolution decays into binary fragments prior to reaching the compact compound nucleus.
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as 208 Pb) has been established from the observation of large anisotropies for fission-like fragments [6] [7] [8] [9] and from the strong correlation between fragment mass and emission angle observed in reactions of 208 Pb and 238 U with nuclei heavier than 48 Ca and 27 Al, respectively [10] [11] [12] [13] . The role of deformation and alignment of the heavy reaction partner in the quasifission process, particularly at sub-barrier energies, was first demonstrated experimentally in Ref. [14] . There the measured anisotropies of fission fragments in the 16 O + 238 U reaction were found to be anomalously large compared to the predictions of the TSM. This demonstrates that quasifission can be present even when the charge product is much lower than 1600 (with Z 1 Z 2 being a modest 736 in this case). A series of experiments by other groups followed for a range of actinide targets involving relatively lighter projectiles, all showing anomalously large fragment angular anisotropies irrespective of the entrance channel [15] [16] [17] . These results suggest that for highly fissile systems, if the heavy partner is deformed, there is an increased probability for quasifission at energies below the Coulomb barrier.
Measurements of xn ER cross sections have shown suppression of fusion even for less fissile compound systems, such as 216 Ra [18] and 220 Th [19] , when populated by reactions involving projectiles heavier than 12 C and 16 O, respectively. For 220 Th, the xn yields imply a fusion probability of only ∼10% for projectiles of A 40. Complete suppression of ER cross sections at sub-barrier energies was also reported for the 60 Ni + 154 Sm reaction, forming 214 Th [20] . The observed suppression of ER has been attributed to the presence of quasifission. If quasifission is responsible for the observed ER suppression in these reactions, evidence should be seen in the fission properties as well. In this work fission mass and angular distributions have been measured for the reactions 16 
II. EXPERIMENTAL SETUP AND DATA ANALYSIS
The experiments were carried out by using beams from the 14 UD tandem accelerator of the Australian National University, operating at terminal voltages up to 15.4 MV. The detector configuration and analysis method were different for the 16 • to the beam direction. This eliminated shadowing of the detectors by the target frame and also minimized the energy loss of fission fragments in the target. Figure 1 shows a schematic diagram of the experimental setup. The reaction products were detected in two large-area position-sensitive multiwire proportional counters (28 cm × 36 cm), centered at polar angle θ = 45
• (azimuthal angle φ = 90 • ) (front) and θ = 135
The normal from the center of the detectors intersected the beam axis at a distance 18 cm from the detectors. The position of the fragment entering a detector was determined via the delay-line readout of the wire planes, giving a position resolution of better than 1 mm. The fast timing signal from the central cathode foil of each of the detectors was used to obtain the time-of-flight of the fragments with respect to the beam pulse. The target was placed 6 cm upstream along the beam direction, closer to the back detector, to increase the flight path to the front detector, which intercepts the fission fragments with the larger velocities. Two silicon monitor detectors were mounted at θ = ±22.5
• , to measure the elastic scattering flux for normalization and to obtain the absolute cross sections. The X-Y positions, the energy loss in each of the detectors, and the time of arrival of coincident fragments with respect to a given beam pulse were recorded event by event. The position calibration of the detectors was carried out using the known positions of the edges of the illuminated areas of the detectors when the events were collected in noncoincidence mode. The calibrated X and Y positions from the two detectors were then converted to θ and φ. By using these angles and the time-of-flight information the fragment velocities were determined. The velocity vectors v 1 and v 2 in the laboratory frame of reference of the masses m 1 and m 2 were reconstructed for coincident fragments after correcting for the energy loss suffered by the fragments in the target, under the assumption that the interactions take place at the midpoint of the target. It is found that, as the targets used were thin, this correction affects the derived mass ratios by less than 2%. The effect of energy loss in the detector windows (0.9 µm PET) was neglected, as the flight path from window to detector was only 10% of the total. This means that the correction to the mass ratios is typically 1%, which is not significant in this work.
The corrected velocities were then converted to the centerof-mass frame by applying kinematic transformations using the calculated value of the center-of-mass velocity V c.m. rather than its experimentally deduced value V . This was done because the emission of light particles from the compound system perturbs the fission fragment velocity vectors, resulting in a significant spread in V when the angles θ 1 and θ 2 are close to 0
• and 180
• , which in turn can affect the deduced mass ratios [21] . From the center-of-mass velocities v 1c.m. and v 2c.m. of the two fragments, using linear momentum conservation,
we obtain the mass ratio
The determination of the time zero for the time-of-flight spectrum for each energy was done by imposing two conditions: (a) Setting the average V = V c.m. and (b) ensuring that the M R distribution is reflection symmetric about 0.5 at all angles for the 16 O induced reaction, as this reaction is expected to be a true compound nucleus reaction. Condition (a) determines the time shift between the RF signal and the beam burst and hence varies with the beam energy, whereas condition (b) determines the constant electronic time delay between the two detectors and is independent of beam energy. The measured fission V distributions were symmetric about V c.m. , and consistent with those for elastic scattering (where observed), showing that the fission events followed full projectile momentum transfer, with no significant contribution from fission following incomplete fusion.
Measurements for the Ti + Er reactions were carried out by using the same detectors. However, because of the increased forward-focusing of the fission fragments in these reactions, the geometry of the setup was different from that just described, with the back detector (MWPC 2) being centered at θ = 90
• ). The isotopically enriched targets (∼100 µg/cm 2 on ∼12 µg/cm 2 carbon backings) were mounted on a target ladder, positioned at the geometrical center and oriented at 30
• relative to the beam direction. Moreover, owing to the low abundance of 50 Ti in natural titanium (only 5%), a DC beam was used and the time difference between the detector time signals was recorded instead of the time of flight of each detector. The measurement of time difference [22] obviated the need for a pulsed beam, resulting in higher beam intensity and better statistics. A potential drawback of the time difference method (applied only for the 50 when deducing the mass ratios. Since the target used in this experiment was not fissile, the probability of nonbinary events such as transfer-induced fission is expected to be negligibly small, and the assumption is justified in this case. For one measurement, a DC beam of 48 Ti was used to verify that the time difference analysis gave the same result as the absolute time analysis.
The time difference calibration for the system was achieved by imposing the condition that the M R distribution of fissionlike events is reflection symmetric about 0.5 at θ c.m. = 90
• , a condition that is true for all reactions. The solid angle calibration of the detectors was done by measuring elastic scattering in the 50 Ti + 197 Au reaction at a sub-barrier energy E lab = 160 MeV. The velocities and the mass distributions were reconstructed from the position and time difference information as described in the Appendix. Figure 2 shows M R versus center-of-mass angle spectra for the 16 given mass ratio. A cut in the azimuthal angle ( φ = 70
III. RESULTS AND INTERPRETATION

A. Mass-angle correlations
• ) was imposed so that the counts at any given angle θ are proportional to 34 S-and 48 Ti-induced reactions. The target-like fragments can also be seen on the right-hand side in Fig. 3 for the case of 48 Ti + 170 Er. However, in the 16 O-induced reaction, neither of these groups (projectile-like and target-like) are seen because of the combined effect of the geometry of the setup, the reaction kinematics, and detector thresholds. The rectangles shown in the figures represent the gates used to obtain the mass ratio spectra shown in Sec. III B. They were chosen so as to avoid biasing of the data from the geometric limitations of the experimental setup.
Although there is little or no dependence of mass ratio on the center-of-mass angle in the case of 16 This strong correlation suggests a contribution from quasifission at all mass ratios and is in agreement with the results of Ref. [23] for 48 Ti + 166 Er, where fragment masses were measured in singles by using energy and time information. Our recent measurements [24] also show a significant massangle correlation for the 48 Ti + 154 Sm reaction. These results differ from the experimental measurements for the reactions 48 Ca + 168 Er [25] and 48 Ca + 154 Sm [26] , measured by using a similar kinematic coincidence method as that of the current work. In the latter measurements, with a 48 Ca projectile, it is only the extreme mass-asymmetric components that are attributed to quasifission. The physical origin of this difference needs detailed experimental investigation, as it may be due to nuclear structure effects influencing the fusion dynamics.
It should be noted that when a mass-angle correlation is present, applying symmetrization of the distribution about M R = 0.5 can lead to incorrect mass distributions. This is illustrated in Fig. 5 , where the mass distribution (M R < 0.5) in Fig. 4(a) is reflected across M R = 0.5. Comparison with Fig. 4(a) illustrates that the mass ratio distribution in Fig. 5 shows a fictitious increase in width with decreasing θ c.m. . However, in cases where there is no mass-angle correlation (Fig. 2) or if the measurement is done at θ c.m. = 90
• , symmetrization about M R = 0.5 should not yield incorrect distributions.
B. Mass ratio distributions in reactions forming 220 Th
To eliminate the distortion of mass ratio spectra by the geometrical acceptance of the detectors, a window in θ c.m. (120
• -150 • ) was chosen for the 16 O + 204 Pb and 34 S + 186 W reactions as shown in Fig. 2 . For the Ti + Er reactions, the detector acceptance did not extend beyond 140
• -145
• ; thus a window of 100
• -130
• was used (see Fig. 3 ). Figure 6 shows the mass ratio distributions of fission-like fragments of the three reactions leading to the same compound nucleus 220 Th. As can be seen the mass ratio distributions for the 16 O + 204 Pb and 34 S + 186 W reactions can be well described by Gaussians centered at M R = 0.5 at all the energies, whereas the distributions in the 50 Ti + 170 Er reaction tend to increasingly deviate from a symmetric Gaussian with decreasing bombarding energy. Though fitting a Gaussian function to a mass distribution that is not angle integrated is not well justified in cases where there is significant correlation of mass with emission angle, the Gaussian fit parameters allow a simple characterization of the M R distributions as a function of bombarding energy and the compound nucleus excitation energy.
The standard deviations (σ M ) of the Gaussian fits to the mass ratio distributions are plotted as a function of the compound nucleus excitation energy in Fig. 7 . The 16 O + 204 Pb reaction shows the expected increase in σ M as a function of increasing compound nucleus excitation energy, E * . The more symmetric reaction, 34 S + 186 W, also shows similar behavior, but the magnitude of σ M is higher than in the 16 O + 204 Pb case over the entire range of excitation energies. It is known that σ 2 M depends weakly on l 2 , where l is the angular momentum brought in by the projectile [26] [27] [28] . To show that this weak dependence is not responsible for the observed difference in σ M for the three cases, we plot in Fig. 8 the variation of l 2 of the compound system as a function of E * for the three systems, as predicted by the coupled channel code CCFULL [29] . The parameters for the coupled channel calculations were chosen so as to match the average experimentally determined fusion barrier of the respective systems. The thin dotted line represents the corresponding l at which the macroscopic liquid-drop fission barrier [30] becomes equal to 1 MeV: At angular momenta higher than this value, fast fission, a process in which the system reseparates owing to the negligible fission barrier height at high angular momentum, can occur. The l values for all three reactions in the energy range studied are less than this limiting l, which rules out the possibility of fast fission. It can be seen from Fig. 8 in the same energy range as the current measurements they show the same detailed features, namely a larger mass width for Ti than for S and an increase in mass width for Ti at the lowest (near-barrier) energy. The latter feature, observed more clearly in the current work, may well be associated with the static deformation of 170 Er and its alignment at sub-barrier energies, as discussed in detail in the next section.
C. Mass ratio distributions in
48,50 Ti + 166,170 Er reactions Figure 9 shows the mass ratio distributions for the 48 nucleus excitation energies of 40.4 and 42.5 MeV, respectively. The elastic/deep-inelastic peaks are shown to illustrate the experimental mass resolution. From their widths, taking into account the lower fission fragment velocities, the FWHM of the instrumental mass ratio resolution for the fission events is expected to be <0.02. The shoulders seen in the mass ratio distribution (at M R = 0.35 and 0.65) of the 48 Ti + 170 Er reaction seem to be associated with the presence of a quasifission component that has a large forward-backward asymmetry [see Fig. 4(b) ]. This feature in quasifission has been observed in 238 U-induced reactions on 32 S and heavier targets [13] . One may argue that the effect of shell structure on the potential energy surface must cause these structures in the mass distributions. However, in the 50 Ti + 170 Er reaction, which differs only by two neutrons and has similar excitation energy, only weak evidence of structures is observed in the mass distribution. Thus the origin of the observed structures for the 48 Ti + 170 Er system is not yet clear, and more evidence needs to be obtained.
The systematic variation of the experimental quantities may give significant information on the reaction dynamics. The [29] , for the 220 Th system populated by three different entrance channels. The thin dotted line shows the critical angular momentum value at which the liquid drop barrier becomes equal to 1 MeV. σ M values deduced from the Gaussian fits to the mass distributions are plotted as a function of the compound nucleus excitation energy in Fig. 10(a) for all the Ti + Er reactions in the present study. Figure 10(b) illustrates the dependence of σ M on the ratio of bombarding energy to the fusion barrier for all the Ti + Er systems as well as those of 16 χ e [2, 3] . The mean fissility represents the degree of re-separability of the dinuclear system, which is macroscopically determined by the Coulomb repulsion in the initial stage of the reaction (χ e ) and the balance between the Coulomb and the surface energies (χ ) of the compound nucleus in the later stage of the reaction. It is known that the onset of quasifission is strongly dependent on the mean fissility [3] . The calculated extra-extra-push energy (the excess energy over the interaction barrier to achieve fusion in heavy systems) shows a dramatic rise [3] at χ m around 0.73, indicating a rapid onset of quasifission or increase in the probability of quasifission as a function of χ m . Figure 11(a) shows the interpolated values of σ M , taken from Fig. 10(a) , as a function of χ m at two different compound nucleus excitation energies for the Ti + Er systems. There is a discontinuous dependence for a fixed E * , which would not be expected, as possible shell effects should be insignificant by E * = 50 MeV. Figure 11 correlation exists at bombarding energies below the barrier, since nuclear structure effects that may strongly influence the onset of quasifission [21, 31] are not taken into account in the parameter χ m . More extensive sub-barrier measurements would be needed for such a study.
D. Reaction time and mass widths
Although both the target nuclei 186 W and 170 Er are statically deformed, the dramatically different behavior of their mass ratio distributions clearly shows differences in the complex evolution of the trajectories of the composite system over the multidimensional potential energy surface, implying a strong dependence on the entrance channel conditions. It is well known that the dynamical evolution of trajectories is strongly dependent on the charge product Z 1 Z 2 (or more specifically on χ e ) of the dinuclear system [1] [2] [3] . Though the unconditional saddle point elongation of the three systems forming the 220 Th nucleus is the same, from the experimental observations, one may postulate that only in the case of the lightest system, 16 O + 204 Pb where the product Z 1 Z 2 is 656, are the trajectories reaching a fully equilibrated compound nucleus. This is supported by the analysis of angular distribution measurements done earlier for a similar system, 16 O + 208 Pb [32] , which were quite consistent with a fusion-fission process. However, the 34 S + 186 W system, which has a moderate Z 1 Z 2 value of 1184, shows signs of reseparation (quasifission) before reaching full mass equilibration, as is evident from the larger σ M value. Nonetheless, the system must remain together longer than the empirically determined time constant τ M (∼5 × 10 −21 s) for mass equilibration [13] and complete several rotations before reseparation, as there is no experimental evidence of any significant correlation of M R with emission angle (Fig. 2) . However, the large anisotropies observed for a very similar system, 32 S + 182 W [23, 33] , points to the fact that the system reseparates before full relaxation of the K degree of freedom (the tilting mode), which has a longer empirical equilibration time (τ K ∼ 10 −20 s) [17, [34] [35] [36] . For the 50 Ti + 170 Er system, with a high Z 1 Z 2 value of 1496, the trajectories over the potential energy surface are evidently more likely to be deflected away from compact configurations owing to the larger Coulomb repulsion, with a substantial portion escaping before reaching the bottom of the masssymmetric fission valley. The strong correlation of M R with angle indicates that the system reseparates even before a full rotation, with reaction times shorter than τ M .
It is quite apparent that the experimental observables in quasifission reactions are found to crucially depend on the interaction time (sticking time [3] ) of the dinuclear complex with respect to the characteristic relaxation time of various degrees of freedom, before it decays into binary fission-like fragments. This interaction time in turn depends on the entrance channel parameters of the colliding nuclei. Thus a system that remains together for a time comparable or shorter than τ M exhibits strong mass-angle correlations, large mass widths, and large anisotropies. Systems whose sticking time is between τ M and τ K may not show any significant correlation of mass with angle but can show broadened mass distributions and large angular anisotropies. However, systems that stick together for time scales comparable to τ K but reseparate before reaching a compound nucleus may not exhibit any signs of incomplete relaxation of mass but can still exhibit angular anisotropies larger than predicted by the TSM for compound nucleus fission.
IV. SUMMARY AND CONCLUSIONS
Mass-angle correlations have been measured at energies around the Coulomb barrier for three reactions, 16 It is found that the width of the mass distributions in the Ti + Er reactions increases as a function of decreasing bombarding energy, in contrast with those of the 16 O + 204 Pb and 34 S + 186 W systems, which show a monotonic reduction in mass widths with decrease in energy. This is interpreted as a strong dependence of the reaction dynamics on the orientation of the deformed 170 Er nucleus [14, 21] . The mass ratio distributions of the Ti + Er reactions show incomplete mass equilibration, clearly evident from the large mass widths. They also show a dependence on the centerof-mass angle, indicating the presence of fission-like events occurring on a time scale comparable to that of the rotation time of the dinuclear complex. The 34 S + 186 W system, in contrast, shows signs of fission before full mass equilibration through the larger value of σ M as compared to the 16 O + 204 Pb system. However, the negligible dependence of M R on the emission angle indicates that the system typically reseparates after a time sufficient to complete one or more rotations. A significant dependence of σ M on the mean fissility, χ m , is also noticed among the Ti + Er reactions, suggesting that the quasifission probability increases as a function of χ m at a given ratio of bombarding energy to fusion barrier energy. The dependence of the quasifission probability on the entrance channel parameters such as mass asymmetry, Z 1 Z 2 , static deformation, and orientation of the colliding nuclei needs to be incorporated in any dynamical model that aims to quantitatively predict the production probability of heavy and superheavy elements. More systematic studies of the dependence of quasifission as a function of these entrance channel variables in different regions of fissility may be helpful in determining which are the key variables to incorporate in such a model. The model should be tested not only by reproducing the production probability of heavy evaporation residues in heavy-ion reactions but also by describing the properties of binary fragmentation as well.
